The aim of our study was to evaluate the histological and biomechanical effects of BMP-12 gene transfer on the healing of rat Achilles tendons using a new approach employing a genetically modified muscle flap. Biopsies of autologous skeletal muscle were transduced with a type-five, first-generation adenovirus carrying the human BMP-12 cDNA (Ad.BMP-12) and surgically implanted around experimentally transected Achilles tendons in a rat model. The effect of gene transfer on healing was evaluated by mechanical and histological testing after 1, 2, 4 and 8 weeks. One week after surgery, the maximum failure load of the healing tendons was significantly increased in the BMP-12 group, compared with the controls, and the tendon stiffness was significantly higher at 1, 2 and 4 weeks. Moreover, the size of the rupture callus was increased in the presence of BMP-12 and there was evidence of accelerated remodeling of the lesion in response to BMP-12. Histological examination showed a much more organized and homogeneous pattern of collagen fibers at all time points in lesions treated with the BMP-12 cDNA muscle graft. Both single fibrils and the collagen fibers had a greater diameter, with a higher degree of collagen crimp than the collagen of the control groups. This was confirmed by sirius red staining in conjunction with polarized light microscopy, which showed a higher shift of small yellow-green fibers to strong yelloworange fibers after 2, 4 and 8 weeks in the presence of BMP-12 cDNA. There was also an earlier shift from fibroblasts to fibrocytes within the healing tendon, with less fat cells present in the tendons of the BMP-12 group compared with the controls. Treatment with BMP-12 cDNA-transduced muscle grafts thus produced a promising acceleration and improvement of tendon healing, particularly influencing early tissue regeneration, leading to quicker recovery and improved biomechanical properties of the Achilles tendon. Further development of this approach could have clinical applications.
Introduction
Tendons are the functional connection between the dynamic and static components of the locomotive apparatus. Disturbance of the propagation of force from the muscle to the bone is associated with a considerable loss of function of the extremity. Achilles tendon ruptures are common sports injuries. [1] [2] [3] According to the estimations of Suchak et al., 4 up to 2500 Achilles tendon ruptures occur in a small country like Switzerland each year. During healing, the ruptured tendon forms a functional tendon regenerat within 6-8 weeks but despite intensive remodeling over the following months, complete regeneration of the tendon is never achieved. [5] [6] [7] [8] Up to 10% of the Achilles tendon rerupture during healing. 6 This results in a significant cost to individuals and society in reduced quality of life and lost work productivity. Certain cytokines have been shown to promote tendon healing. [9] [10] [11] Bone morphogenetic proteins (BMPs) are a family of highly related molecules that form a subgroup under the transforming growth factor-b superfamily. 12 BMP-12, a human homolog of murine growth and differentiation factor-7 (GDF-7), induces the formation of tendon-and ligament-like tissue and is thus of considerable interest in the context of enhancing tendon repair. 13 It has been reported that BMP-12-transfected mesenchymal stem cells differentiate into tenocytes and that BMP-12 gene transfer augments the repair of lacerated tendon.
14, 15 The effects of BMP-12 on tendon healing thus merit further investigation. 16 However, it is very difficult to deliver proteins such as BMP-12 in a focused and sustained manner. The local transfer and expression of a BMP-12 cDNA offers a potential method for overcoming such delivery problems.
Of the vectors that are available for gene transfer in the present context, adenovirus offers several advantages. It is straightforward to prepare at high titers, and transgenes are typically expressed at high levels when a strong viral promoter is used. The virus does not integrate into the DNA and transgene expression in vivo usually persists for up to 6 weeks, which may appear well suited to sustain the endogenous repair process. Although direct injection of adenovirus vectors into tendons and ligaments successfully transduces the cells within them, these tissues have low cellularity and the net production of the transgene will therefore be low. Moreover, after rupture of the tendon or ligament, the cell population in and around the lesion will fluctuate. To obviate these limitations, we have used a novel delivery method using transduced, isogenic muscle biopsies (isograft). Taking advantage of the ability of adenovirus to transduce skeletal muscle, this abbreviated ex vivo procedure introduces no vector directly into the body, thereby enhancing safety and reducing immunogenicity. The aim of our study was to evaluate the histological and biomechanical effects of this new approach on the healing of rat Achilles tendons using an experimental transection model.
Results

Expression of BMP-12 following adenoviral delivery
To demonstrate the activity of the Ad.BMP-12 vector, C3H10T1/2 cells were infected with 0, 1 Â 10 3 or 1 Â 10 4 viral particle (vp) per cell virus and 4-day conditioned media examined for BMP-12 secretion by Western blot. As shown in Figure 1a , immunoreactive proteins of the same molecular weight as recombinant BMP-12 were produced after viral transduction in a dose-dependent manner.
The ability of the vector to transduce muscle and express BMP-12 in vivo was confirmed by implanting adenovirus carrying the human BMP-12 cDNA-(Ad.BMP-12) transduced muscle grafts subcutaneously, recovering these grafts after 3 days and analyzing the total RNA isolate by reverse transcriptase-PCR. Viral transduction visibly enhanced the abundance of BMP-12 transcripts relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Figure 1b) .
Biomechanical testing
The maximum failure load of a normal rat Achilles tendon was found to be 60-80 N. All tendons, whether exposed to Ad.BMP-12-transduced muscle grafts or not, attained this value after 2 weeks through endogenous healing processes (Figure 2 ). However, tendons exposed to Ad.BMP-12-transduced muscle grafts showed significantly greater strength (P ¼ 0.0379) than controls at 1 week ( Figure 2 ). All tendons reached normal or greater than normal strength at 4 and 8 weeks. The stiffness of normal tendons was found to be 36-86 N mm
À1
. Tendon stiffness was significantly higher in rats exposed to Ad.BMP-12-transduced muscle grafts at 1, 2 and 4 weeks ( Figure 3 ) and reached the normal range of values by 2 weeks. Control tendons, in contrast, only achieved normal stiffness values after 8 weeks.
Tendon thickness
During inspection at 1 week, tendons exposed to Ad.BMP-12-transduced muscle grafts appeared to be Tendon thickness, measured with precision calipers at the former site of tendon injury, confirmed that tendons in the BMP-12 group were thicker than controls at this time ( Figure 4) . Thereafter, the tendons in the BMP-12 group reduced in thickness by 8 weeks and became smaller than controls. Normal tendon thickness was measured as 1.6-2.1 mm ( Figure 4 ). All operated tendons were thicker than normal at all time points.
Histology
Histological examination showed a much more organized and homogeneous pattern of collagen fibers over all time points in the BMP-12 group. The single fibrils as well as fibers grew to bigger bundles much earlier with a higher degree of collagen crimp than within the control groups. There was also an earlier shift from fibroblast to fibrocytes with fewer fat cells within the BMP-12 group compared with the controls ( Figure 5 ). However, after 8 weeks, there was one tendon with an enchondral ossification at the experimental group. No unexpected signs of inflammation were seen within the BMP-12 group compared with controls at all time points.
Cross polarization microscopy
Examination of tendons stained with sirius red and then viewed by polarized light microscopy showed initially a loose connective tissue matrix within the repair site. After 2 weeks, the matrix from the group exposed to Ad.BMP-12-transduced muscle grafts began to organize into a more structured matrix as shown by the presence of a greater number of fibrils staining red-orange. This process continued in the BMP-12 group for the entire 8 weeks of the experiment ( Figures 6 and 7) . Remodeling of the matrix was much slower in the control groups and a higer amount of thinner, green-staining fibers persisted at 8 weeks ( Figures 6 and 7 ).
Discussion
Although the human Achilles tendon has the capacity to repair spontaneously, this process fails to regenerate authentically; the repaired tendon is weaker than normal, and thus prone to rerupture. Moreover, the imperfections of endogenous repair often leave the patient symptomatic and unable to return to full activity. The gene transfer approach described in this paper offers a novel way to accelerate tendon repair and improve the quality of the repair tissue. A genetically modified muscle graft served as a convenient vehicle for ex vivo gene delivery to a site that is otherwise difficult to target. As a result of this gene transfer, the severed Achilles tendons healed more rapidly and more completely than controls. This was signaled by an increase in strength at 1 week and an increase in stiffness at weeks 1, 2 and 4. These changes correlated with accelerated collagen maturation within the matrix. The early stages of tendon healing involve the formation of a large callus that gets resorbed as healing progresses. As shown in Figure 4 , treatment of the BMP-12 cDNA muscle graft produces an enlarged callus at 1 week that, unlike that of controls, is undergoing resorption by week 8. If pertinent to an eventual clinical application of this technology, the collective data suggest that patients treated in this manner might be able to return to normal activities at an earlier time than is presently prudent, with a lower risk of rerupture.
These findings agree well with those of Lou et al. BMP-12 gene transfer on rat Achilles tendon healing M Majewski et al healing in a chicken digital flexor tendon laceration model. Like us, these authors used a first generation adenovirus vector for gene transfer but, unlike us, they delivered the transgene to the healing tendon by direct, in vivo injection. They found a twofold increase in ultimate force and stiffness between tendons receiving direct Ad.BMP-12 injections into the tendon compared with controls. 16 At least a part of the improvement in the mechanical properties of tendon repair noted in the presence of BMP-12 may be accounted for by the increased representation of larger collagen fibers. The small collagen fibers noted at early times after tendon transection, which appear green under sirius red-polarized light microscopy, are likely to comprise type III collagen, which correlate inversely with tensile strength. Maturation of the repair tissue involves the replacement of these small fibrils with large fibers of type I collagen that stain red-orange under sirius red-polarized light microscopy. These collagen I fibers impart high tensile strength. Of interest, Lou et al., 16 noted that type I collagen synthesis was increased 30% by tendon cells transduced in vivo with an Ad.BMP-12 construct. In this regard, it is relevant to note the reduction of collagen fibril size within the Achilles tendons of GDF-7/BMP-12 deficient mice, as reported by Mikic et al. 20 Enchondral ossification seen after 8 weeks is a well-known phenomenon during rat Achilles tendon healing and therefore may not be related to BMP-12. 21 However, one weakness of this study is the absence of a control group of rats that received an empty adenovirus vector. This would have provided information on responses that were triggered by the adenovirus rather than the transgene.
Overall, our study and data from the literature strongly suggest that BMP-12 has a beneficial effect on the healing of the Achilles tendon. Of particular value is the ability of gene transfer to achieve the local, sustained synthesis of this growth factor, or other regenerative gene Ratio: red-orange/pale-green Figure 6 Effect of BMP-12 cDNA delivery on collagen fiber thickness ratio. 24 and PDGF. 25 Rickert et al. 22 injected an adenovirus carrying GDF-5 (Ad.GDF-5) into the proximal tendon stump of transected rat Achilles tendons. This adenovirus treatment caused maximum GDF-5 expression at week 4. Tendon regenerate thickness, assessed at week 8, was greater than that of control tendons and GDF-5-treated tendons tended to have higher tensile strength. It is conceivable that GDF-5 expression would occur earlier if the Ad.GDF-5 construct was introduced by way of muscle graft, thereby causing better tendon strengths and allowing regenerate remodeling to occur as it did with our approach.
Bolt et al. 23 injected an adenovirus carrying BMP-14 at the site of the repaired tendon. With this procedure, a significantly increased tensile strength was apparent at week 2. Even though no adverse immunological response to the adenoviral vector occurred, introducing the virus by muscle graft would minimize such risk when used in humans.
Other growth-factor-bearing viral constructs have been described that carry the bFGF or PDGF gene, respectively. 24, 25 As these vectors increased growth factor expression in tenocytes in vitro, they would likely enhance Achilles tendon healing in vivo. These viral vectors should be evaluated using the muscle graft approach described to minimize any potential adverse effects to virus that is directly administered to patients.
There may also be value in transferring a cDNA encoding BMP-12 to promote differentiation along ligamentogenic lineages, in combination with cDNAs encoding transforming growth factor-b or some other strong inducer of connective tissue synthesis and deposition.
The method we have developed for abbreviated ex vivo gene delivery using transduced muscle grafts has several functional advantages including practicability and potential for easy intraoperative use.
Materials and methods
Study design
The animal study was performed at Harvard Medical School, Boston, USA according to an experimentation protocol approved by HMA Standing Committee on Animals. One hundred and thirty-two adult male Sprague-Dawley rats, each weighing 400-425 g, were used in this study. Two animals were housed in a cage. Each group contained 40 rats. The first group of 40 animals (surgical control) received neither vector nor DMEM-incubated muscle graft after transection and surgery of the tendon. The second group (muscle control) did not receive virus but did receive a DMEM-incubated muscle graft after transection and repair of the tendon. The third group (Ad.BMP-12 group) received a DMEMincubated muscle graft transduced with a first genera- Figure 7 Appearance of the repair site, examined by sirius redpolarized light microscopy, 8 weeks after transection in the presence or absence of BMP-12. Sections were made from tendons recovered 8 weeks after surgery and stained with sirius red. Under these optics, large collagen fibers stain orange red, and small fibrils stain green. Remodeling of the matrix was much slower in the control groups (panels 1 and 2) and a greater representation of thinner, green-staining fibers persisted compared to a greater number of mature red-orange fibers at the BMP-12 group (panel 3). Magnification: Â 400. BMP-12, bone morphogenetic protein 12.
BMP-12 gene transfer on rat Achilles tendon healing M Majewski et al tion, serotype 5 recombinant adenovirus, carrying the human BMP-12 cDNA after transection and repair of the tendon. Ten rats were killed 1, 2, 4 and 8 weeks post surgery. Seven animals were used for biomechanical testing and three animals for histological examination. Twelve donor rats were used for muscle harvesting to confirm the ability of the vector, to transduce muscle and express BMP-12 in vivo as well as biomechanical testing of normal Achilles tendon.
Vector preparation
A first generation, serotype 5 recombinant adenovirus, carrying the human BMP-12 cDNA under the transcriptional regulation of the human cytomegalovirus immediate early promoter (Ad.BMP-12) was kindly provided by Wyeth Pharmaceuticals (Cambridge, MA, USA). The virus was amplified by propagation in 293 cells using standard protocols and purified by three rounds of banding by cesium chloride centrifugation. Optical density measurements were used to estimate viral titers. A viral preparation containing 10 12 vp ml À1 was used for this study.
The activity of the vector was confirmed by infection of murine C3H10T1/2 cells (American Type Tissue Culture, Manassas, VA, USA). Briefly, cells at subconfluence were transduced for 2 h in serum-free DMEM with 0, 1 Â 10 3 or 1 Â 10 4 vp per cell Ad.BMP-12 and cultured in low-serum DMEM (0.2% fetal bovine serum). After 4 days, conditioned medium was collected and diluted 1:2 with 2 Â Laemmli buffer (Bio-Rad, Hercules, CA, USA). Sample aliquots (50 ml) were resolved alongside 50 ng recombinant murine BMP-12 (in non-conditioned medium; R&D Systems, Minneapolis, MN, USA) on 15% polyacrylamide gels and transferred to a polyvinylidene difluoride membrane. Blots were blocked with 5% milk in Tris-buffered saline containing 0.1% Tween-20 for 30 min and immunodetection was achieved by overnight incubation (4-8 1C) with a rabbit anti-human BMP-12 (Wyeth #L7024) diluted 1:500 in blocking buffer. Blots were subsequently incubated with HRP-conjugated goat anti-rabbit immunoglobulin G (Chemicon, Temecula, CA, USA) diluted 1:5000 in blocking buffer, and antibody levels were visualized using Western Lighting Chemiluminescence Reagent (PerkinElmer, Waltham, MA, USA).
Transduction of muscle
To confirm the ability of the vector to transduce muscle and express BMP-12 in vivo, muscle flaps were incubated with 1 Â 10 9 vp Ad.BMP-12 in saline and implanted subcutaneously into the same rats. Three days later, the animals were euthanized and the transduced muscle flap was excised. Following homogenization in TRI Reagent (Ambion, Austin, TX, USA), RNA was isolated by phenol/chloroform extraction. One microgram aliquots of RNA were reverse transcribed using a Superscript II First Strand Synthesis kit (Invitrogen, Carlsbad, CA, USA), following instructions for oligo(dT)-primed synthesis. The resulting cDNAs were used for PCR with reagents from a Taq PCR Master Mix kit (Promega, Madison, WI, USA). Primer pairs specific for cDNAs encoding human BMP-12 (GenBank accession number NM_182828) and GADPH (GenBank number NM_002046) were formulated using the Primer 3 web interface (http://primer3.sourceforge.net/). Skeletal muscle tissue was harvested with a round punch of 4-mm diameter from a donor rat 3 days before Achilles tendon surgery. To transduce the muscle discs, 5 Â 10 11 particles of Ad.BMP-12 were dropped on the surface of the muscle and allowed to incubate in 1 ml DMEM medium containing 5% fetal bovine serum in 24-well plates for 24 h.
Surgical procedure
Rats were placed under general anesthesia by the administration of isofluorane with a small animal anesthesia machine. The animals then received intramuscular injections of 20 mg kg À1 Cefazolin (an antibiotic) and 0.03-0.06 mg kg À1 buprenorphine (analgesic) into the left thigh.
Each animal's right hind leg was shaved and disinfected with Betadine-Scrub 3x using aseptic techniques and rinsed with 70% alcohol. Subsequently, it was placed in a sterile field on a heated surgery table and covered with a sterile surgical drape such that only the prepared limb was exposed. A 3 cm incision was made above the right Achilles tendon. The superficial Achilles tendon was exposed. The peritendon was opened and the tendon transected with a No. 15 scalpel blade perpendicular to the collagen fibers, creating a 5 mm gap proximal to the calcaneal insertion of the tendons. The plantar tendon was transected to prevent an internal splint phenomenon. After transection, the Achilles tendon was sutured back together with PDS II 0-2 with a KesslerKirchmeyer stitch. The muscle graft for groups two and three was placed with two single stitches with PDS II 0-5 around the side of tendon injury after end-to-end suture repair. The subcutaneous layer and the skin were closed by continuous suture technique with prolene 0-4.
Postoperative treatment
The animals woke up on a heating pad to aid the return to normal body temperature. During the subsequent 3 days, each animal received a 20 mg kg À1 intramuscular injection of cefazolin twice per day, and a 0.06 mg kg À1 intramuscular injection of buprenorphine twice per day. For the duration of the experiment, all animals were monitored for signs of pain and infection. Pain was indicated by tenderness, lack of locomotion and/or vocal distress. The animals were fed rat chow and water ad libitum. No cast or dressing was applied and the animals were allowed unrestricted cage movement.
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Sacrifice
Groups of animals were killed after 7, 14, 28 and 56 days. Each animal was euthanized by CO 2 asphyxiation under general anesthesia and subsequent bilateral thoracotomy. Rats were exposed to CO 2 from cylinders and remained within the container for several minutes after breathing ceased. Muscle-Achilles tendon-bone units were harvested by transection of the middle part of the gastrocnemius muscle and of the calcaneus.
Mechanical testing
The muscle-tendon-bone-unit were wrapped in cotton gauze soaked in lactated Ringer's solution and stored at À20 1C before testing. On the day of testing, the specimens were thawed in Ringer's solution for 4 h. Before testing, tendon thickness was measured with a precision caliper at the site of tendon repair. The muscle-tendonbone-unit were fastened in the clamping device by freezing the muscular segment between the cryo-jaws and by fixing the bony segment between the copper clamp. 17 The clamping device was attached to an electrohydraulic materials testing machine (Fa. Zwick, Einsingen-Ulm, Germany). The tendons were not preconditioned or cyclically stretched before tensile testing. The room temperature was kept constant at 25 1C (77 1F). To prevent the specimens from dehydrating, they were kept moist with Ringer's solution. Both reservoirs of the cryo-jaws were filled with liquid nitrogen. The experiment was started as soon as the expansion of the freezing zone reached the border of the metal clamp but did not extend into the tendon substance or into the repair site (registered manually with a metal needle). The displacement rate was set at 1000 mm min
À1
. Force-displacement curves were recorded and transferred to an IBMcompatible computer for subsequent data analysis. Load to failure (N) (peak of the curve) and stiffness (N mm À1 ) were measured.
Histology
Three specimens per group were examined histologically at each time point. The tendons were immediately fixed in 4% buffered formalin (pH 7.4) for 24 h, dehydrated and embedded in paraffin wax. Longitudinal sections (5 mm) at the midsubstance of the tendon were stained with hematoxylin and eosin.
Cross polarization microscopy
For cross polarization microscopy, 5 mm sections were stained for 1 h in picrosirius solution (0.1%. solution of sirius red F3BA in saturated aqueous picric acid, pH 2) according to the method of Junqueira. 18 The sections were washed for 2 min in 0.01 N hydrochloric acid, dehydrated, cleared and mounted in synthetic resin. To analyze collagen ratios, tissue samples were observed under polarized light microscopy. Thicker mature collagen fibers, including type I collagen fibers, appeared red-orange, whereas thinner collagen fibers, including type III collagen) appeared pale-green. 19 For each sample, five regions (center of tendon, left border, right border, 2 mm above tendon center and 2 mm below tendon center) within the interface (400 Â , area 100 Â 100 mm) were captured by a digital camera (Olympus C-3030, Hamburg, Germany). Collagen ratios were obtained by measuring the area of thicker mature red-orange versus thinner pale-green using a digital image analyzing software (Image-Pro Plus, Media Cybernetics, Silver Spring, MD, USA). Results are expressed as ratio of area of collagen.
Statistics
The Mann-Whitney test was used to test statistically significant differences between the cohorts. The level of significance was set to Pp0.05.
